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Glomerular filtration rate and plasma pH as determinants of
phosphate reabsorption
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University of Oslo, Institute for Experimental Medical Research, Ullevaal Hospital, Oslo, Norway
Glomerular filtration rate and plasma pH as determinants of phos-
phate reabsorption. Glomerular filtration rate (GFR) was altered by
varying renal perfusion pressure in volume-expanded, anesthetized
dogs infused with ethacrynic acid. Phosphate reabsorption varied lin-
early with GFR (r> 0.9), 0.83 of the increase in filtered load being re-
absorbed. Phosphate reabsorption at comparable filtered loads was not
significantly changed by raising plasma bicarbonate concentration from
30 to 55 m and adjusting Pco2 to keep plasma pH constant. Plasma
pH was altered by inducing hyper- and hypocapnia or infusing bicarbo-
nate. Plasma phosphate concentration varied with plasma p1-I before
phosphate infusion and was kept constant at 3.4 0.1 m in intact
and thyroparathyroidectomized dogs; some of which were also exam-
ined during hyperchloremic acidosis. At comparable GFR, phosphate
and bicarbonate reabsorption correlated (r > 0.9), except during aci-
dosis when the filtered load of bicarbonate became inadequate, in all
experiments phosphate reabsorption and plasma pH correlated (r >
0.85). Compared with control values at plasma pH 7.4, phosphate re-
absorption increased by about 40% during acidosis (pH 7.1) and de-
creased by about 50% during alkalosis (pH 7.8) both in intact and
thyroparathyroidectomized dogs. We propose that net hydrogen ion se-
cretion is the common determinant of phosphate and bicarbonate
reabsorption.
Debit de filtration glomérulaire et pH plasmatique, determinants de Ia
reabsorption de phosphates. Le debit de filtration glomerulaire (GFR) a
etC modiflC en variant Ia pression de perfusion rCnale chez des chiens
anesthCsiCs, en expansion volemique, perfusCs avec de l'acide
Cthacrynique. La reabsorption dc phosphates variait linCairement avec
GFR (r > 0,9), 0,83 de l'augmentation de Ia charge filtree Ctant
rCabsorbés. La reabsorption de phosphate pour des charges filtrCes
comparables n'Ctait pas significativement modifiée en Clevant Ia con-
centration des bicarbonates plasmatiques de 30 a 55 mM et en ajustant
Pco2 afin de maintenir constant le pH plasmatique. Le pH plasmatique
a été altCrC en induisant une hyper- ou une hypocapnie, ou en perfus-
ant des bicarbonates. La concentration plasmatique des phosphates a
variC avec le pH plasmatique avant une perfusion de phosphates et a
été maintenue constante a 3,4 0,1 ms chez des chiens intacts et
thyroparathyroidectomisCs; certains d'entre eux ont aussi Cté étudiCs
pendant une acidose hyperchiorCmique. Pour des GFR comparables,
les rCabsorptions de phosphates et de bicarbonates étaient corrClées (r
> 0,9), sauf pendant l'acidose lorsque Ia charge filtrCe de bicarbonates
devenait inadequate. Dans toutes les experiences, Ia reabsorption de
phosphates et Ic pH plasmatique étaient correlés (r > 0,85). Par rap-
port aux valeurs contrôles pour un p1-I plasmatique de 7,4, Ia
reabsorption des phosphates s'est Clevée d'environ 40% au cours de
l'acidose (pH 7,1) Ct s'est abaissée d'environ 50% au cours de
l'alacalose (pH 7,8), chez les chiens intacts ou thyroparathyrol-
dectomisés. Nous proposons que la sécrCtion nette d'ion hydrogCne est
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Ic determinant commun de Ia reabsorption des phosphates et des
hicarbonates.
Filtered load and plasma pH are important determinants of
bicarbonate reabsorption, whereas the significance of these
factors for reabsorption of another urinary buffer, phosphate,
has remained unclear, in the dog, more than 80% of all bicar-
bonate and phosphate reabsorption takes place in the proximal
tubules [1, 2]. To examine the pH dependency of proximal tu-
bular bicarbonate and phosphate reabsorption in intact dogs, it
is necessary to increase the filtered loads so much that distal
reabsorption is saturated and the urinary excretion is high. At
high and constant plasma bicarbonate concentration (Pco3)
and glomerular filtration rate (GFR), bicarbonate reabsorption
fell by about 40% when plasma pH was raised from 7.4 to 7.8
and rose by about 20% when plasma pH was reduced from 7.4
to 7.2 [3]. Whether or not a similar relationship exists between
phosphate reabsorption and plasma pH at comparable GFR is
not known and is the subject of the present study.
In apparent conflict with the hypothesis of a pH depend-
ency, phosphaturia may be induced both by hypercapnia 14, 5]
and metabolic acidosis caused by administration of carbonic
anhydrase inhibitors [6—8]. Most of these studies, however,
were performed under conditions of low phosphate excretion
and may not reflect proximal tubular events. On the other
hand, phosphate reabsorption is inhibited by hypocapnia and
bicarbonate loading, but this effect has usually been attributed
to increased bicarbonate excretion [6, 7, 9, 10].
In the present study on anesthetized dogs, clearance meas-
urements were obtained during variations in GFR. first during
normocapnia at control plasma pH and then after raising Pco2
and PHCO3 without altering plasma pH. At comparable GFR,
phosphate reabsorption was not significantly altered by raising
Pco2 and PHCO3 despite the large increase in bicarbonate ex-
cretion. However, phosphate reabsorption varied in propor-
tion to filtered phosphate during variations in GFR.
To examine whether or not phosphate reabsorption varies
with plasma pH, clearance measurements were performed un-
der conditions of constant blood volume expansion during
hypocapnia, hypercapnia, and bicarbonate loading, permitting
variations in plasma pH between 7.1 and 7.8. The effects were
examined at comparable GFR. A linear relationship between
phosphate reabsorption and plasma pH obtained in intact dogs
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at control plasma-phosphate concentration (Pp1) could be due
to the large variations in Pp1. The following experiments in in-
tact and thyroparathyroidectomized (TPTX) dogs were per-
formed during phosphate infusion to ensure a high and con-
stant Ppj. In addition to measurements during selective changes
in Pco2 and PHCO1 phosphate reabsorption was measured in
TPTX dogs during hyperchloremic acidosis. Plasma calcium
concentration (Pc5) was kept constant during variations in
plasma pH. Since ionization of calcium varies with plasma pH,
additional experiments were performed at constant plasma
concentration of ionized calcium.
The results indicate that at constant GFR, phosphate reab-
sorption varies with plasma pH as previously shown for bi-
carbonate reabsorption 3].
Methods
The experiments were performed on mongrel dogs of both
sexes, weighing 12 to 21 kg. All dogs were fed a standard diet
containing about I g phosphate and 1.5 g calcium per 100 g diet.
The dogs received this diet in amounts of about 20 g/kg of body
wt per day for at least a week prior to the experiment and were
then fasted over night but had free access to water. Anesthe-
sia was induced by pentobarbital (Nembutal) in a dose of 25
mg/kg of body wt i.v. as an initial dose and maintained by ad-
ditional doses of 1.5 to 3 mg/kg of body wt when required. Free
airways were secured by endotracheal intubation, and the ani-
mals were ventilated by a respiratory pump (Harvard Dual
Phase, Harvard-Princeton Medical Instruments, Natick, Mas-
sachusetts). The bladder was drained by an indwelling ureteral
catheter. Normal body temperature was maintained by heating
pads and heating all infusates to 37°C. Polyethylene catheters
(Portex PP270) were inserted into a femoral vein for infusions
and into a femoral artery for blood sampling and pressure
recordings. The tips of the catheters were located below the
origin of the renal arteries. A pressure transducer (P23Gb) and
a multichannel recorder (Sanborn, Waltham, Massachusetts)
were used for pressure measurements.
The left kidney was exposed by a flank incision. After a re-
troperitoneal dissection, all visible nerves along the renal ped-
ide were divided and the ureter was cannulated with a soft
polyvinyl catheter for urine collections. An inflatable cuff was
put around the neck to raise the systemic BP, including the re-
nal arterial perfusion pressure, by constricting the carotid ar-
teries 1lJ. In some experiments a clamp (Blalock, Lawton
Co., Germany) was placed on the aorta above the origin of the
renal arteries to reduce renal arterial perfusion pressure. Renal
blood flow (RBF) was measured by a square wave flowmeter
(Nycotron, Drammen, Norway) using probes fitting snugly on
the renal artery. A snare around the renal artery allowed pe-
riodic checks of zero blood flow.
Experimental procedure. The dogs were given a priming
dose of inulin (50 mg/kg of body wt Lv.) and creatinine (40
mg/kg of body wt) followed by continuous infusions to main-
tain a constant plasma concentration of about 18 mg/dl for mu-
tin and 11 mg/dl for creatinine. Creatinine and inulin clear-
ances were highly correlated (r > 0.95). Inulin clearance was
used as a measure of GFR. Creatinine clearance served as con-
trol: In two experiments one experimental period was rejected
because inulin and creatinine clearances differed by more than
10%.
The dogs were expanded approximately 10% of body wt by
intravenous infusion of a modified Ringer solution to keep the
plasma concentrations of sodium, potassium, bicarbonate,
phosphate, and calcium constant at the desired levels. The in-
fusion rate was adjusted to prevent further changes in plasma
hemoglobin concentration and hematocrit. This could be ac-
complished when Pco was raised by increasing the rate of
NaHCO3 infusion and lowering the rate of sodium chloride
infusion.
Experiments in intact dogs. In five dogs GFR was varied
over a wide range by raising systemic BP or constricting the
suprarenal aorta. To abolish renal autoregulation, experiments
were performed on volume-expanded dogs during infusion of
ethacrynic acid which was administered in a priming dose of 3
mg kg' followed by a continuous infusion at 1.5
mg kg - • hr . These experiments were performed at con-
trol P1 without infusion of phosphate. Phosphate reabsorption
was measured at four to five GFR levels at control acid-base
balance. This experiment was repeated after raising Puco and
Pco2 by infusing sodium bicarbonate and adding carbon diox-
ide to the respirator air to keep plasma pH constant at the con-
trol level.
Phosphate and bicarbonate reabsorption were measured dur-
ing variations in plasma pH in ten dogs. In five of these, P,
was not controlled. By adding carbon dioxide to the respira-
tory air and keeping PHCO3 constant at 30 m, plasma pH was
lowered toward 7.0. After control periods the dogs were
hyperventilated until plasma pH approached 7.8. Finally, Pco2
was kept constant at control values and plasma pH was raised
to 7.8 by the intravenous infusion of 1.4% NaHCO3 until PHCO3
approached 50 m'i. Hematocrit was kept constant by reducing
the infusion rate of sodium chloride. To avoid a reduction in
GFR and RBF during severe alkalosis, the systemic BP was
raised by constricting the carotid arteries until RBF returned
to control values.
In five other dogs the same procedure was followed except
that phosphate was infused at different rates during acidosis
and alkalosis to keep Pp constant at a level slightly above 3
mM.
Experiments in TPTX dogs. A total of ten dogs were sub-
jected to TPTX. Successful TPTX was indicated by a fall in
plasma calcium concentration (Pea) of 20% or more [12t In
four experiments, P5 fell from 2.6 0.02 to 2.0 1.0 m.
Phosphate reabsorption was measured within 18 hr after TPTX
and PC5 was normalized by infusing calcium chloride
In seven TPTX dogs plasma pH was altered by varying Pco2
or by infusing NaHCO3 as described for intact dogs. These ex-
periments were performed during phosphate infusion at rates
which raised Pp, above 3 m and kept constant during varia-
tions in plasma pH. In five of the seven TPTX dogs plasma pH
was reduced not only by raising Pco2 but also by infusing HCI
in a 150-mmole solution under conditions of constant Pco,.
So far, all the experiments have been performed at constant
P5, but since ionization varies with plasma pH, additional ex-
periments were performed on TPTX dogs. Plasma pH was var-
ied between 7.1 and 7.8 by altering Pco2. In one dog ionized
calcium was allowed to vary with plasma pH whereas in two
dogs, the rate of infusion of calcium chloride was adjusted to
keep plasma ionized calcium constant.
Clearance measurements. In both intact and TPTX dogs,
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two to four clearance periods were obtained at each level of
plasma pH and GFR. Arterial blood samples were obtained in
the middle of the clearance periods which lasted at least 5 mm.
Blood and urine were taken anaerobically for measurements of
pH and Pco2 on a blood gas analyzer (Instrumentation Labo-
ratory, Lexington, Massachusetts). PHCO was calculated ac-
cording to Henderson-Hasselbalch 's formula whereas urinary
concentration of bicarbonate was measured by the titrimetric
method of Cullen [131 as modified by Segal [14]. Plasma and
urine were analyzed for inulin [151 and creatinine [16]. Phos-
phate in plasma and urine was measured by the method of
Bodansky [17]. Filtered phosphate and filtered bicarbonate
were calculated using a Donnan factor of 1.05. The Donnan
factor of filtered phosphate canceled because of protein bind-
ing [18]. Ionized calcium was measured by an electrolyte ana-
lyzer M333/E2 (Eschweyler, Kiel, Germany).
Statistical methods. The slope of the regression lines was
calculated as indicated by Brace [19]. As each dog served as
its own control, Wilcoxon's signed Rank test was used to
evaluate differences between pairs of observations [20]. Data
are presented as mean SEM.
Results
Experiments in intact dogs
Effects of altering GFR. In volume-expanded dogs continu-
ously infused with ethacrynic acid, GFR could be increased to
55 2 mI/mm by raising arterial BP and reduced to 16 2
mI/mm by suprarenal aortic constriction. Phosphate was not in-
fused in these experiments and Pp1 averaged 1.6 0.1 mrvt
when GFR was varied in normocapnic dogs. During combined
bicarbonate loading and hypercapnia, P1 increased signifi-
cantly, averaging 2. 1 0.2 m. Linear relationships between
phosphate reabsorption and GFR were obtained in all experi-
ments (r> 0.9). On the average, a rise in filtered load of phos-
phate of I mole caused by raising GFR, resulted in a rise in
phosphate reabsorption by 0.83 mole and a rise in phosphate
excretion by 0.17 mole. When the reabsorbed phosphate was
plotted against filtered phosphate, the relationships obtained
during normocapnia and during combined bicarbonate loading
and hypercapnia overlapped as shown for a single experiment
in Figure 1 (upper panel). Figure 1 (lower panel) summarizes
experiments in five dogs. To compare data from different dogs,
the reabsorbed and filtered phosphate at control GFR which
averaged 46 4 mllmin were set to 100%. Plasma pH was held
constant at pH 7.50 0.01 by raising Pco2 from 34 1 to 74
2 mm Hg (4.5 0.7 kPa to 7.9 0.3 kPa) and PHCO3 from
30.2 0.4 to 55.2 0.2 m. The overlapping of the data ob-
tained during normocapnia and during combined bicarbonate
loading and hypercapnia indicates that there was no significant
difference in phosphate reabsorption at any filtered load of
phosphate, despite widely different bicarbonate excretion. At
control filtered load of phosphate averaging 84.5 17.8
tmoles/min, bicarbonate excretion was 514 40 moles/min
and phosphate reabsorption 64 13 prnoles/min during nor-
mocapnia. During combined bicarbonate loading and hyper-
capnia, bicarbonate excretion was doubled (1073 80
jsmoles/min) whereas phosphate reabsorption averaging 63
10 tmoles/min was not significantly different from the values
obtained during normocapnia. Hence, bicarbonate excretion
•
was not an important regulator of phosphate reabsorption when
plasma pH was kept constant.
Extrapolation of regression lines gave a positive intercept on
the y-axis in all experiments, whether phosphate reabsorption
was plotted against filtered phosphate or against GFR. Hence,
the ratio between phosphate reabsorption and GFR
(Pjreah/GFR) increases as GFR is lowered.
Effects of altering plasma pH. In five volume-expanded
dogs, not pretreated with ethacrynic acid, about 30% of the fil-
tered phosphate was excreted at control plasma pH at the P1
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Fig. 1. Relationship between reabsorbed and filtered phosphate in in-
tact dogs at control P,..,. The upper panel shows a representative ex-
periment and the lower panel summarizes the data from experiments
in five dogs weighing 12 to 15.5 kg. To compare data from experi-
ments in dogs of different size, phosphate reabsorption at control
glomerular filtration rate (GFR) was set to 100%. GFR could be al-
tered by raising or reducing renal arterial perfusion pressure because
autoregulation is impaired in volume-expanded dogs receiving
ethacrynic acid. Normocapnia (0): Pco2, 33.8 0.7 mm Hg, (4.5
0.7 kPa): PHCO3, 30.2 0.4 mM; plasma pH, 7.52 0.01. Bicarbonate
loading and hypercapnia (•): Pco2, 74.1 2.1 mm Hg(9.9 0.3 kPa);
PHCO3, 55.2 0.2 mM; plasma pH, 7.49 0.01.
Determinants of phosphate reabsorption 131
Table 1. Effects of varying plasma pH on renal phosphate reabsorption at control GFR in intact dogs without phosphate infusion
Reab-
sorbed
Plasma Reabsorbed Excreted phosphate Excreted
pH
range
GFR
mi/mm
RPP
mm Hg
RBF
mI/mm
Pco2
mm Hg
PHCO3mt Ppo4m
bicarbonate fraction of
moies/min bicarbonate
p.moles/
mm
fraction of
phosphate
Control 7.42—7.60 45 5 143 10 236 35 37.7 1.0 29.5 0.6 1.3 0.1 881 86 0.37 0.05 42 4 0.26 0.05
Hyper-
capnia 6.96—7.05 45 3 166 9b 182 7 120.0 3.5" 29.4 0.7 2.0 0.1" 1310 104" 0.10 0.0!' 80 5" 0.17 0.02"
Hypo-
capnia 7.74—7.82 41 2 142 15" 245 23 19.7 0.6b 28.7 0.4 0.9 0.1" 583 57b 0.53 0.03" 31 4" 0.18 0.06
Control 7.47—7.55 44 3 158 9 209 46 39.7 1.9" 30.5 1.2 1.6 0.1" 993 92b 0.26 0.07" 50 3b 0.30 0.02b
Bicar-
bonate
loading 7.63—7.89 40 4 123 9" 284 36 36.4 1.7 50.5 3.1" 1.1 0.1" 633 80" 0.70 0.07" 25 3" 0.43 0.03"
Abbreviations: GFR, glomerular filtration rate; RPP, renal perfusion pressure; RBF, renal blood flow.
a Data represent the mean values SEM ofexperiments on five dogs.
b The value shows a significant difference (P < 0.05) from the preceding period.
= 1.3 0.1 m. Under conditions of constant GFR, the phos-
phate reabsorption was reduced by raising plasma pH and in-
creased by reducing plasma pH. Data obtained at control GFR
are summarized in Table I and the relationship between phos-
phate reabsorption and plasma pH is shown for a single experi-
ment in Figure 2 (upper panel) and for all five dogs in Figure 2
(lower panel). In each experiment, the correlation coefficient
averaged 0.93 0.04. To compare the results from different
dogs, phosphate reabsorption at plasma pH 7.4 was set to 100%
for each dog and the reabsorption data adjusted accordingly.
Compared with the values obtained at plasma pH 7.4, phos-
phate reabsorption varied by an average of 13.4% by a change
in plasma pH of 0.1 U. Similar plots showed that bicarbonate
reabsorption was altered by 10.2% for a change in plasma pH
of 0.1 U [31.
Since was not controlled in these experiments, the
changes in phosphate reabsorption might reflect changes in Pp,
which were doubled by reducing plasma pH from 7.8 to 7.0
(Table 1). Experiments were therefore performed in five other
dogs in which P, was raised to values exceeding 3 m which
was kept constant during variations in plasma pH by varying
the infusion rate of phosphate. In these volume-expanded dogs
that were not pretreated with ethacrynic acid, any distal phos-
phate reabsorption would be saturated since almost 70% of the
filtered phosphate was excreted at control plasma pH. Table 2
shows the data obtained at comparable GFR during variations
in plasma pH.
The upper panel of Figure 3 shows a representative experi-
ment while the lower panel summarizes the relationship be-
tween the relative changes in phosphate reabsorption and
plasma pH in all five dogs. In each experiment the correlation
coefficient averaged 0.89 0.04. Compared with values ob-
tained at plasma pH 7.4, phosphate reabsorption varied by an
average of 16.5% and bicarbonate reabsorption by 12.8% for a
change in plasma pH of 0.1 U.
Neither the relationship between phosphate reabsorption and
plasma pH nor the relationship between bicarbonate reabsorp-
tion and plasma pH were significantly different at control and
high Pp,. The relative changes in phosphate reabsorption were
significantly greater than the relative changes in bicarbonate re-
absorption. Bicarbonate reabsorption was numerically higher
during bicarbonate loading than during hypocapnia. On the
other hand, phosphate reabsorption was numerically higher
during hypocapnia than during bicarbonate loading. None of
these differences, however, were significant. Hematocrit av-
eraged 27.8 0.5 and hemoglobin concentration 8.8 0.1 g/dl
and were not significantly altered in the course of the
experiments.
Experiments in TPTX dogs
Effects of altering plasma pH. Since parathormone may in-
fluence the reabsorption of phosphate and bicarbonate during
variations in plasma pH, experiments were repeated in TPTX
dogs following similar guidelines as in the experiments on in-
tact dogs.
Figure 4 shows a linear relationship (r = 0.83 0.05) be-
tween relative changes in bicarbonate and phosphate reabsorp-
tion for five experiments performed at Pp = 3.4 0.1 m and
PHCO3 exceeding 30 mt. As in the intact dogs, bicarbonate re-
absorption was slightly higher and phosphate reabsorption
slightly lower during bicarbonate loading than during hypo-
capnia, but these differences were not significantly different.
During hypercapnia, phosphate reabsorption increased more
than bicarbonate reabsorption.
The relationship between bicarbonate and phosphate reab-
sorption was disrupted by inducing hyperchloremic acidosis
which reduced P03. As illustrated by a representative experi-
ment in Figure 5, bicarbonate reabsorption fell, whereas phos-
phate reabsorption continued to rise during intravenous HCI in-
fusion. The rise in phosphate reabsorption was not signifi-
cantly different whether plasma pH was lowered by hyper-
capnia or hyperchloremic acidosis, as summarized in Table 3
for experiments in five dogs at comparable GFR.
Figure 6 shows in seven TPTX dogs the relationship be-
tween phosphate reabsorption and plasma pH covering data
obtained during respiratory and metabolic changes in plasma
pH. In all experiments phosphate infusion insured that Pp, ex-
ceeded 3 m and was not significantly altered throughout the
experiments; fractional excretion of phosphate exceeded 50%
in the control periods. In all dogs the relationship between
phosphate reabsorption and plasma pH was linear (r = 0.85
0.06). Compared with the values obtained at plasma pH 7.4, a
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Fig. 2. Relationship between phosphate reabsorption and plasma pH
in intact dogs. Examinations were performed at control Pp which var-
ied with plasma pH and averaged 2.0 0.1 m during hypercapnia
(0) and 0.9 0.1 m during hypocapnia (t\). The upper panel shows
a representative experiment and the lower panel shows the results of
experiments in five dogs. Phosphate reabsorption is expressed as the
percent of control phosphate reabsorption at plasma pH 7.4. Bicarbo-
nate loading is represented by A. GFR was kept constant during vari-
ations in plasma pH.
0 -1/
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PlasmapH
Fig. 3. Relationship between phosphate reabsorption and plasma pH
in intact dogs examined at constant GFR and at high and constant Pu
= 3.4 0.1 msi. The upper panel shows a representative experiment
and the lower panel shows the results of experiments in five dogs.
Phosphate reabsorption is expressed as the percent of control phos-
phate reabsorption at plasma pH 7.4. Symbols are the same as those
used in Figure 2.
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change in plasma pH of 0.1 U altered phosphate reabsorption
by 12% which is not significantly different from the values ob-
tained in intact dogs.
Although these experiments were performed at a constant
RCa, it is well known that the ionized fraction of calcium varies
with plasma pH. Plasma concentration of ionized calcium was
therefore measured in three experiments and the results are
shown in Figure 7. In these experiments on TPTX dogs cal-
cium infusion had raised Pa to 2.42 0.16 mM and the ion-
ized calcium concentration to 2.02 0,08 mM; the high ion-
ized fraction reflects the low protein concentration in these vol-
ume-expanded dogs. In two of these experiments the plasma
concentration of ionized calcium was kept constant during vari-
ations in Pco2 by adjusting the infusion rate whereas the
plasma concentration of ionized calcium was permitted to vary
in the third experiment. Phosphate reabsorption varied as
much with plasma pH in the two experiments with constant
ionized plasma calcium as in the experiments with variable ion-
ized calcium concentration. Because of the high ionized frac-
tion, the fluctuations in ionized calcium are small when total
PCa is kept constant. The relationships obtained were well
within the range of relationships shown in Figure 6 for the
other seven TPTX dogs.
Discussion
This study in anesthetized dogs was designed to examine the
variation in proximal tubular phosphate reabsorption during
changes in GFR and plasma pH. Experiments were performed
at high fractional excretions of phosphate and bicarbonate to
saturate distal reabsorption. The first part of the present study
showed that phosphate reabsorption varies with filtered load
during variations in GFR, as previously shown for bicarbonate
reabsorption [3, 211. Since a change in filtered phosphate of 1
mole altered excretion by 0.17 mole, the dependency of phos-
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Table 2. Effects of varying plasma pH on renal phosphate reabsorption at control GFR in intact dogs with high plasma phosphate
concentrationa
Reab-
sorbed
phos-
Plasma
pH
range
GFR
mu
mm
RPP
mm Hg
RBF
mI/mm
Pco2
mm Hg
PHCO3m Ppo4mai
Reabsorbed
bicarbonate
umoIes/min
Excreted
fraction of
bicarbonate
phate
,umolesl
mm
Excreted
fraction of
phosphate
Control 7.48—7.56 35 5 123 4 170 11 37.1 0.7 29.4 0.3 3.2 0.2 808 104 0.25 0.03 36 5 0.66 0.04
Hyper-
capnia 6.96—7.22 35 5 114 7 180 8 107.2 77b 30.8 0.5 3.5 0.1 1079 138b 0.05 0.Olh 69 lIb 0.44 0.03b
Hypo-
capnia 7.70—7.86 29 4 118 7 173 21 19.9 0.8b 29.1 0.3 3.4 0.2 390 53b 0.56 0.06h 24 3h 0.76 0.02"
Control 7.45—7.62 34 5 113 5 177 16 35.5 l.9b 28.9 0.7 3.4 0.2 692 109" 0.33 0.07b 34 6" 0.71 0.64"
Bicar-
bonate
loading 7.63—7.87 32 4 127 12 274 28 41.5 1.7 56.4 3.!" 3.7 0.4 518 75" 0.73 0.03" 13 2" 0.89 0.02"
Abbreviations are the same as those in Table 1.
a Data represent the mean values SEM of experiments on five dogs.
h The value shows a significant difference (P < 0.05) from the preceding period.
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Fig. 4. Relationship between bicarbonate and phosphate rahsorption
in thyroparathvroidectomized dogs examined at a high and constant
= 3.4 0.1 m. Data from experiments in seven dogs are ex-
pressed as the percent of control reabsorption rates at plasma pH 7.4.
Symbols are the same as those used in Figure 2.
phate reabsorption on plasma pH was examined at constant
GFR. Similar relationships were obtained in intact and TPTX
dogs. On the average, phosphate reabsorption rose by about
40% as plasma pH was reduced from 7.4 to 7.1 and fell by
about 50% as plasma pH was raised from 7.4 to 7.8.
The high correlation between phosphate and bicarbonate re-
absorption during variations in plasma pH did not apply at in-
sufficient filtered load of bicarbonate as during hypercapnia and
hyperchloremic acidosis. Phosphate reabsorption continued to
rise as plasma pH was lowered whereas bicarbonate reabsorp-
tion leveled off or fell (Figs. 4 and 5). These observations in-
dicate that hydrogen ion secretion is the common determinant,
but several other factors should be considered.
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Fig. S. Relationship between bicarbonate and phosphate reabsorption
in a representative experiment in a thyroparathyroidectomized dog.
Examinations during hyper- (0) and hypocapnia (ix) and bicarbonate
loading (A) showed a linear relationship. Hyperchioremic acidosis (S)
induced by intravenous infusion of a dilute hydrochloric acid solution
increased phosphate reabsorption but reduced bicarbonate reabsorp-
tion at a constant GFR.
Factors influencing phosphate reabsorption during variations
in plasma pH
Filtered load. Previous studies have been focused mainly on
the phosphaturic effects of altering plasma pH. No attempts, to
our knowledge, have been made to study phosphate reabsorp-
tion under conditions of constant GFR. Examinations over a
wide range of GFR were achieved when autoregulation was
abolished by raising urine flow by infusion of ethacrynic acid
which exerts no effect on phosphate and bicarbonate reabsorp-
tion in the doses administered [221. During examinations of the
pH dependency of phosphate reabsorption, saline diuresis pro-
vided sufficient impairment of renal autoregulation to permit
measurements at comparable GFR. Because hematocrit and
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Table 3. Effects of hypercapnia and hyperchioremic acidosis on renal phosphate reabsorption in TPTX dogs with high plasma phosphate
concentrationa
Reab-
sorbed
Plasma
pH
range
GFR
mI/mm
RPP
mm Hg
RBF
mi/mm
Pco2
mm Hg
PHCOm P04mst
Reabsorbed
bicarbonate
p.moles/min
Excreted
fraction of
bicarbonate
phosphate
pno!esI
mm
Excreted
fraction of
phosphate
Control 7.44—7.62 39 3 112 9 195 47 36.0 1.9 28.9 0.3 3.3 0.2 859 103 0.27 0.01 55 4 0.57 0.05
Hyper- I
capnia 7.03—7.39 39 3 106 8 208 41 83.6 7.1" 31.3 0.6 3.6 0.1 1139 110" 0.11 0.03" 77 5b 0.45 0.05"
Control 7.42—7.68 37 4 124 8 204 32 35.3 2.3b 300 0.3 3.3 0.2 805 98" 0.27 0.03" 53 7" 0.57 0.06"
Hyper-
chlore-
mic
acidosis 7.10—7.36 37 4 134 11 20! 30 35.0 1.4 14.5 1.5" 3.5 0.4 534 74" 0.05 0.02" 70 9b 0.46 0.04"
Abbreviations are the same as those in Table 1.
Data represent the mean values SEM of experiments on five dogs.
"The value shows a significant difference (P < 0.05) from the preceding period.
$ S. A AA A
•D C8A
A A
kS
A
o -ii,
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Plasma pH
Fig. 6. Relationship between phosphate reabsorption and plasma pH
in seven thyroparathyroidectomized dogs examined at a constant GFR
and at a high and constant P,, = 3.4 0.1 mM during respiratory and
metabolic changes in plasma pH. Phosphate reabsorption is ex-
pressed as the percent of control phosphate reabsorption at plasma pH
7.4. Symbols used are the same as those for Figure 5.
hemoglobin concentrations of the blood were kept constant
during variations in plasma pH, it is unlikely that the large
change in phosphate reabsorption was caused by variable ex-
pansion of the extracellular volume.
In our study, similar inverse relationships between phos-
phate reabsorption and plasma pH were obtained whether
was permitted to vary with plasma pH or kept constant at
about 3 m by varying the infusion rate of phosphate. Phos-
phate reabsorption remains almost constant during changes in
Pp, above a threshold value [23]. Similar Preab/GFR for the ex-
periments summarized in Tables 1 and 2 suggest that the
threshold value was exceeded already before the infusion of
phosphate.
TPTX. Phosphaturia during bicarbonate loading is more
readily induced in intact than in parathyroidectomized (PTX)
animals [24], but the phosphaturic response can be re-estab-
lished by raising P, 1251. Even during phosphate loading, frac-
E
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Plasma pH
Fig. 7. Relationship between ionized calcium concentration and
plasmapH (upper panel) and phosphate reabsorption and plasma pH
at constant GFR (lower panel). Ionized calcium concentration was al-
lowed to vary in dog I (A) and was kept constant in dogs 2 and 3 (0).
tional excretion of phosphate remained lower after TPTX than
in intact dogs (Tables 2 and 3). Despite different fractional ex-
cretions, the relationship between phosphate reabsorption and
plasma pH was not altered by TPTX. Any remaining secretion
of parathormone after removal of the thyroidea and para-
thyroid glands along the trachea was counteracted by raising
PCa to normal values and keeping DC,, constant during varia-
tions in plasma pH.
PCa. Changes in the ionized fraction of plasma calcium may
together with phosphate intake and other dietary factors
modify phosphate reabsorption in the course of some hours
even in TPTX animals [26—281. In acute studies on PTX rats
Amiel et al [291 found that calcium infusion increased frac-
tional phosphate reabsorption whereas Cuche et al [301 found
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in dogs that a 20% rise in plasma concentration of ionized cal-
cium reduced fractional phosphate reabsorption. This discrep-
ancy may reflect different responses of GFR to calcium infu-
sion. Phosphate reabsorption fell in the former study with re-
duced GFR and increased in the latter study with increased
GFR. In another study Cuche et al [31] found no effect on
phosphate reabsorption when ionized calcium concentration
was lowered by 25% in dogs. In studies by Popovtzer et a! [32],
Goldfarb et a! [33], and Ulirich, Rumrich, and Klöss [34], phos-
phate reabsorption was not altered by changing plasma con-
centration of ionized calcium. Hence, the small changes in
plasma concentration of ionized calcium in our study do not ac-
count for the large change in reabsorption during variations in
plasma pH.
Pco2. Hoppe et al [35] found that hypocapnia increased frac-
tional reabsorption of phosphate in rats, but their data indicate
that phosphate reabsorption fell because Pp, and GFR were re-
duced except during phosphate infusion. Dennis, Woodhall,
and Robinson [36] varied Pco2 in the bathing medium of iso-
lated proximal tubules from rabbits and found that phosphate
reabsorption was relatively level between pH 7.3 and 7.5 and
declined at higher pH.
Since Haldane, Wigglesworth, and Woodrow [37], numer-
ous investigators have shown without measuring GFR that res-
piratory acidosis is phosphaturic. Recently Webb et at [4] at-
tributed the phosphaturia to a rise in Pco2 in rats with 10 to 100
times lower fractional phosphate excretion than in our study.
Phosphate reabsorption fell in intact rats but the rise by al-
most 50% in TPTX rats agrees with our findings. In our study
doubling of Pco2 at plasma pH 7.5 was without effect, indicat-
ing that Pco2 per se is not an important factor.
Metabolic changes in plasma pH. In contrast to our find-
ings, it has been believed that acidosis reduces phosphate re-
absorption, mainly because acetazolamide induces metabolic
acidosis and inhibits phosphate reabsorption [6—8]. It is con-
ceivable that acetazolamide, by reducing the hydrogen ion se-
cretion, inhibits both bicarbonate and phosphate reabsorption
with secondary development of metabolic acidosis. In agree-
ment with our data, Malvin and Lotspeich [71 found a very high
phosphate reabsorption in dogs made acidotic by the injection
of ammonium chloride. Moreover, stopped flow microperfu-
sion experiments in the rat by Cassola and Malnic [38] indi-
cate that phosphate reabsorption was greater in proximal tu-
bular segments perfused with acid than with alkaline solutions.
In agreement with our findings, a reduction in phosphate re-
absorption during metabolic alkalosis, induced by bicarbonate
loading, has been observed by several investigators in rats and
dogs with or without a fall in GFR [25, 36, 39, 40]. In contrast,
Mercado, Slatopolsky, and Klahr [24] found little change in
phosphate reabsorption in TPTX dogs, but GFR rose greatly
during bicarbonate loading in their study. It has been sug-
gested that the phosphaturic effect of bicarbonate loading is
due to bicarbonate in the urine [6, 7, 9, 101. In our study, there
was no significant effect of bicarbonate loading as long as
plasma pH and GFR were not altered. Malvin and Lotspeich
[7], kept plasma pH constant in dogs during the elevation of
PHCO1 and Pco2 and found that phosphate reabsorption de-
creased. However, filtered load was reduced in their experi-
ments. When the reduction in filtered load is accounted for,
their data do not differ from ours.
Mechanism of pH dependency. Sodium gradient-dependent
phosphate transport into vesicles from brushborder mem-
branes increases rather than decreases with pH [41, 42]. Re-
cently Sacktor and Cheng [431 showed that a transmembrane
hydrogen ion gradient may provide a force for uptake of phos-
phate even when there is no transmembrane sodium gradient.
Since there was no hydrogen ion secretion in their prepara-
tion, extrapolation to physiological transport mechanisms re-
mains speculative. Hydrogen ion secretion may convert
Na2HPO4 into NaH2PO4 which might be preferentially reab-
sorbed as assumed by many [6, 8, 10, 44] but not by all inves-
tigators [45, 46]. Regulation of phosphate reabsorption by pas-
sive back leakage of phosphate is not likely as judged from
stop-flow experiments [47] and examinations on isolated proxi-
mal tubules [36].
In a leaky epithelium as the proximal tubules, net hydrogen
ion secretion may be altered either by varying GFR or plasma
pH. At low GFR buffers are available in the tubular fluid in
concentrations above threshold only in the first part of the
proximal tubules and net hydrogen ion secretion is accordingly
low. At high GFR buffers are available in high concentration
along the whole length of the proximal tubules. Since phos-
phate reabsorption varied with plasma pH also at high PHCO3,
it seems immaterial whether tubular or peritubular pH is pri-
marily altered. A reduction in ambient pH would reduce intra-
cellular pH. Our data obtained during variations in GFR and
plasma pH are consistent with the view that the driving force
for net hydrogen ion secretion is the difference in hydrogen ion
concentration between cell and tubular fluid.
Conclusions. Previous failures to find a relationship between
phosphate reabsorption and plasma pH are mainly a conse-
quence of measuring fractional rather than absolute reabsorp-
tion and of not keeping GFR constant. When changes in fil-
tered load are taken into account, previous and present data on
phosphate reabsorption in the whole kidney are compatible.
Since phosphate reabsorption increased during metabolic aci-
dosis, a dependency of phosphate on sodium reabsorption can
be ruled out. Under conditions of adequate filtered loads, the
common determinant of phosphate and bicarbonate reabsorp-
tion seems to be net hydrogen ion secretion. These data pro-
vide further support for the hypothesis of glomerulotubular bal-
ance previously proposed [48—50].
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